Barati MT, Merchant ML, Kain AB, Jevans AW, McLeish KR, Klein JB. Proteomic analysis defines altered cellular redox pathways and advanced glycation end-product metabolism in glomeruli of db/db diabetic mice. Am J Physiol Renal Physiol 293: F1157-F1165, 2007. First published July 3, 2007; doi:10.1152/ajprenal.00411.2006.-To attain a profile of protein expression during diabetes, we applied proteomic analysis to glomeruli of 160-day-old db/db diabetic and db/m nondiabetic mice. Glomerular proteins were extracted and separated by two-dimensional gel electrophoresis to construct a proteome map. Matrix-assisted laser desorption and ionization-time of flight mass spectrometry and peptide mass fingerprinting were used to identify 190 proteins. Of 105 analyzed spots, expression of 40 proteins, including the antioxidative enzymes peroxiredoxin 1 and 3, glutathione peroxidase 1, and SOD-1, was increased with diabetes, suggesting an adaptive response to oxidative stress associated with this diabetic model. However, activity of glutathione peroxidase and SOD was unaltered in glomeruli of diabetic mice. Expression of glyoxalase I was increased in glomeruli of diabetic mice. Because the cofactor for glyoxalase I, glutathione, is decreased in renal cortex of db/db mice, renal cortical glyoxalase I activity was measured in vitro with fixed amounts of exogenous glutathione. Glyoxalase I activity was decreased in renal cortex of db/db mice. These data indicate that diabetes-induced decreases in glyoxalase I activity are likely to be due to glutathione-dependent and -independent mechanisms and that increased expression of glyoxalase I may represent an insufficient adaptive response to increased methylglyoxal formation. protein expression; glomeruli; glyoxalase I DIABETIC NEPHROPATHY (DN) is the most common cause of chronic renal failure, accounting for nearly half of all new patients requiring dialysis, and is the leading cause of death among diabetic patients (46). Type 2 diabetes mellitus accounts for the majority of diabetic patients with nephropathy. The renal glomerulus is a major target of injury in DN and subject to capillary basement membrane thickening and expansion of the mesangium. Metabolic and hemodynamic disturbances associated with diabetes are clearly responsible for some of the glomerular pathology. The hemodynamic component is believed to be initiated by increased blood flow and pressure in the glomerular capillary bed, with the ensuing shear stress initiating a sclerotic response (11). High blood glucose concentrations result in increased influx of glucose into glomerular cells, leading to metabolic disturbances. Products of glucose metabolism by glycolysis, as well as the polyol pathway, ultimately result in formation of advanced glycation end products (AGE) and renal fibrosis (9). Cellular signaling pathways involving activation of protein kinases and transcription factors are also initiated by high glucose concentrations (37).
DIABETIC NEPHROPATHY (DN) is the most common cause of chronic renal failure, accounting for nearly half of all new patients requiring dialysis, and is the leading cause of death among diabetic patients (46) . Type 2 diabetes mellitus accounts for the majority of diabetic patients with nephropathy. The renal glomerulus is a major target of injury in DN and subject to capillary basement membrane thickening and expansion of the mesangium. Metabolic and hemodynamic disturbances associated with diabetes are clearly responsible for some of the glomerular pathology. The hemodynamic component is believed to be initiated by increased blood flow and pressure in the glomerular capillary bed, with the ensuing shear stress initiating a sclerotic response (11) . High blood glucose concentrations result in increased influx of glucose into glomerular cells, leading to metabolic disturbances. Products of glucose metabolism by glycolysis, as well as the polyol pathway, ultimately result in formation of advanced glycation end products (AGE) and renal fibrosis (9) . Cellular signaling pathways involving activation of protein kinases and transcription factors are also initiated by high glucose concentrations (37) .
Despite our understanding of these hemodynamic and metabolic changes, the molecular mechanisms leading to DN are poorly defined. Functional genomic approaches have provided a valuable means of attaining a global view of the effect of diabetes on gene expression. Genomic profiling studies of kidney and glomeruli from diabetic mice, as well as mesangial cells propagated in high glucose, have identified differential expression of numerous genes (3, 10, 23, 24, 26 -28, 40) . Validation of these findings followed by analysis of protein expression of the respective genes may provide additional potential mechanisms involved in DN.
To attain an initial profile of protein expression in glomeruli during an overt stage of DN, we applied proteomic analysis to glomeruli of db/db diabetic and db/m nondiabetic mice. A total of 190 glomerular proteins were identified by matrix-assisted laser desorption and ionization-time of flight (MALDI-TOF) mass spectrometry (MS) and peptide mass fingerprinting. Expression of antioxidative enzymes and glyoxalase I was increased in glomeruli of diabetic mice. However, glyoxalase I activity was decreased in renal cortex of db/db mice. These results indicated a potential adaptive mechanism to diabetesinduced oxidative stress.
RESEARCH DESIGN AND METHODS
All studies on mice were approved by and conducted in accordance with the University of Louisville Institutional Animal Care and Use Committee guidelines. Female db/db and db/m mice on C57BLKS/J background were purchased from Jackson Laboratories (Bar Harbor, ME). Animals were maintained on a 12:12-h light-dark cycle at 25°C and given free access to water and food. Serum glucose was assayed on the Beckman Coulter DxC using glucose oxidase with an oxygen electrode.
Isolation of glomeruli. Mouse glomeruli were isolated according to the method described by Takemoto et al. (41) . Briefly, 160-day-old mice were anesthetized with ketamine HCl-xylazine HCl; then the heart was perfused with a 30-ml suspension of 4.5-m magnetic beads (Dynal, Lake Success, NY) in PBS, with the vena cava cut. The cortex of excised kidneys was dissected, minced with a razor blade, and subjected to digestion with type IA collagenase (1 mg/ml) for 30 min at 37°C. The suspension was gently pressed through a 100-m cell strainer, and the filtrate was passed through an additional strainer. Glomeruli were isolated from the final filtrate with a magnetic particle concentrator (Dynal). The purity of isolated glomeruli was examined by visualization under a microscope.
Glomerular protein extraction and separation by two-dimensional gel electrophoresis. Glomerular proteins were extracted by addition of buffer containing 7 M urea, 2 M thiourea, 65 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 58 mM DTT, and 4.5% ampholytes (pH 3-10) and then incubated for 1 h with constant stirring. Protein concentration of the soluble fraction was measured using the Bradford assay (Bio-Rad, Hercules, CA).
Immobilized pH gradient (IPG) strips (pH 3-10; Invitrogen, San Diego, CA) were rehydrated overnight with 75 g of glomerular protein in rehydration buffer (Genomic Solutions, Ann Arbor, MI). Proteins were separated by isoelectric focusing using the ZOOM IPG Runner (Invitrogen) and then separated in the second dimension on 4 -12% Bis-Tris gels, as described in detail previously (18) . After electrophoresis, gels were fixed in 40% methanol-10% acetic acid solution for 30 min and stained with Sypro-Ruby protein stain (BioRad) for 18 h.
Image acquisition and quantitative analysis of protein expression. Sypro-Ruby-stained two-dimensional (2-D) gels were scanned with a ProXPRESS fluoroimager (Perkin-Elmer, Boston, MA). Images were acquired at various exposure times to achieve equal and submaximal gray-level intensities for all gels.
Progenesis Discovery software (Non Linear Dynamics, Durham, NC) was used to match protein spots between gels and analyze the relative pixel intensity of protein spots. Spot pixel values were normalized to the gel total protein volume and subjected to background subtraction. Normalized intensity values of protein spots were used for comparison of protein expression between the two groups. Five different glomerular 2-D gels were analyzed from each group.
In-gel trypsin digestion, MALDI-TOF MS, and peptide mass fingerprinting. Protein spots were excised from gels and subjected to in-gel trypsin digestion (43) . Trypsin-generated peptides were submitted for MALDI-TOF MS analysis as previously described (43) . Mass spectral data were obtained using a Tof-Spec 2E (Micromass) and a 337-nm N 2 laser at 20 -35% power in the reflector mode. Spectral data were obtained by averaging 10 spectra, each of which was the composite of 10 laser firings. Mass axis calibrations were accomplished using peaks from tryptic autohydrolysis. Peptide masses obtained by MALDI MS were analyzed using the Mascot search engine (www.matrixscience.com) by comparison with the SwissProt protein database. Search criteria included Mus musculus for taxonomy and allowing one missed cleavage for trypsin. Carbamidomethylation was chosen as a fixed modification and methionine oxidation as a variable modification. A maximal tolerance of 150 ppm was allowed for monoisotopic masses. A probability-based molecular weight search (MOWSE) score Ͼ74 indicated a significant match that was not a random event.
Western blotting. Glomerular proteins were extracted by lysis with 1% Triton X-100, 1% NP-40, 10% glycerol, 137 mM NaCl, 20 mM Tris ⅐ HCl, 1 ng/l aprotinin, 1 ng/l leupeptin, 4 mM PMSF, 20 mM NaF, and 1 mM Na3VO4. Samples were prepared by addition of Laemmli buffer and boiling for 5 min, followed by electrophoresis on 4 -12% Bis-Tris gels. Proteins were electrophoretically transferred to PVDF membranes and immunoblotted using goat anti-PRX-3 or rabbit anti-SOD-1 (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies in Odyssey infrared imaging blocking buffer (Licor, Lincoln, NE) supplemented with 0.1% Tween 20. Proteins were visualized by incubation of membranes with fluorescent-tagged anti-goat and antirabbit antibodies (Molecular Probes, Carlsbad, CA) and scanning on an Odyssey infrared imager (Licor).
Immunohistochemistry. Immunohistochemistry of paraffin-embedded kidney sections from 160-day-old db/db and db/m mice was performed as previously described (42) using rabbit anti-SOD-1 or goat anti-GPX-1 (Santa Cruz) at dilutions of 1:500 and 1:200, respectively.
Glyoxalase I activity assay. Cytosolic fractions of mouse renal cortical sections were prepared as previously described (39) . The in vitro glyoxalase I activity assay was performed by addition of 20 l of cytosolic fraction to reaction mixture containing 182 mM imidazole-HCl, 14.6 mM MgSO4, 7.9 mM methylglyoxal (MG), and 1 mM glutathione, which had been equilibrated for 4 min before addition of sample (39) . One unit of glyoxalase I activity was equivalent to the amount of enzyme required to form 1 mol of S-D-lactoylglutathione per minute. Specific activity of glyoxalase I was then expressed as units of activity per milligram of total protein.
SOD and glutathione peroxidase activity assay. Activity of SOD and glutathione peroxidase (GPX) in renal cortex and glomeruli was determined using assay kits (catalog nos. 574601 and 353919, Calbiochem, San Diego, CA). For SOD, cytosolic fractions of cortex and glomeruli were prepared by homogenization in buffer containing 20 mM HEPES (pH 7.2), 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose followed by centrifugation at 10,000 g for 15 min at 4°C. The SOD activity assay utilized reduction of a tetrazolium salt by xanthine oxidase-generated superoxide radicals. One unit of SOD activity is defined as the amount of enzyme required to exhibit 50% dismutation of superoxide radical. For GPX, tissue cytosolic fractions were prepared by homogenization in buffer containing 50 mM Tris ⅐ HCl (pH 7.5), 5 mM EDTA, and 1 mM DTT. Soluble proteins were collected by centrifugation as described above. The assay measures the decrease in absorbance at 340 nm resulting from oxidation of NADPH to NADP ϩ by glutathione reductase in a coupled reaction to regenerate reduced glutathione consumed by GPX-mediated hydroperoxide reduction. One unit of activity is the amount of enzyme causing oxidation of 1 nmol of NADPH to NADP ϩ per minute. For both assays, enzyme activity units were normalized to sample protein amount, which was divided by tissue expression ratio of the enzymes in db/db mice to that in db/m mice, which had been determined by proteomic analysis (for glomeruli) and Western blotting (for cortex).
Statistical analysis. Statistical analysis of relative spot pixel intensity from 2-D gels (n ϭ 5 each group) and analysis of glyoxalase I, SOD, and GPX activity (n ϭ 4 each group) were performed using two-tailed, unpaired t-test. P Ͻ 0.05 was considered significant.
RESULTS
Proteome map of mouse renal glomeruli. Renal glomeruli were isolated from 160-day-old db/m mice. Mice of this age were selected because age-matched db/db mice are well characterized to exhibit glomerular hypertrophy and expansion of the mesangium, as well as albuminuria, representative of overt DN (6, 38, 50) . Serum glucose concentrations were consistently Ͼ550 mg/dl in diabetic mice. Soluble proteins extracted by lysis of glomeruli with a urea/thiourea-based buffer were used for 2-D gel electrophoresis (2-DE) to construct a reference proteome map of mouse glomeruli. This map was later used to analyze expression of proteins from age-matched db/db and db/m mice. Figure 1 represents the reference proteome map of the mouse glomeruli. Approximately 600 proteins were routinely visualized on glomerular 2-D gels. Of these, 241 spots were excised from gels and subjected to in-gel trypsin digestion and submitted for MALDI-TOF MS and subsequent identification by peptide mass fingerprinting. Tryptic digests were searched against the National Center for Biotechnology Information database using the Mascot search engine, and a significant MOWSE score, as well as close correlation of theoretical mass and isoelectric point (pI) of protein to location of protein spot on 2-D gels, verified positive identifications. Of the excised spots, a total of 173 spots representing 190 total proteins were identified. These comigrating spots were excluded from expression analysis. Table 1 shows that 29 glomerular proteins were categorized as cytoskeletal and 13 as chaperones. Forty-two identified proteins were classified as participating in intermediary metabolism, including 11 glycolytic proteins, 13 proteins of the tricarboxylic acid cycle, and 18 proteins involved in the electron transport chain. Enzymes regulating cellular redox balance, ATP synthesis, and aldehyde metabolism comprised 15, 12, and 10 proteins, respectively. Fourteen proteins were classified as involved in cell metabolism, six in signal transduction, four in phospholipid binding and membrane fusion, and four in lipid homeostasis. Thirty-nine proteins were listed as miscellaneous, since no more than two proteins comprised a specific functional category. (For a complete list of identified proteins in each functional category, with corresponding gel spot number, theoretical mass and pI, SwissProt entry number, and expression with diabetes, see supplemental data for this article at the American Journal of Physiology-Renal Physiology website.)
Differential protein expression in glomeruli of db/db mice. To attain a profile of the long-term effects of diabetes on glomerular protein expression, protein spots on gels obtained from db/db and db/m mice were analyzed by spot matching and quantitation of relative pixel intensity of protein spots with use of Progenesis software. Expression of 105 protein spots was analyzed from 2-D gels, which included 16 unidentified protein spots. Expression analysis of the remaining 84 identified protein spots was impeded by overlap of protein spots in some regions of 2-D gels. Table 1 indicates the number of proteins in each functional group analyzed for expression. All glomerular proteins that exhibited a change in expression with diabetes were upregulated compared with glomeruli from nondiabetic mice. Expression of proteins within several functional categories was altered by diabetes. In the cytoskeletal category, expression of cofilin, gelsolin, tropomyosin, and vinculin was increased with diabetes. Genomic profiling of 5-to 7-wk-old db/db mice also showed increased gene expression of gelsolin. Expression of the glycolytic enzyme malate dehydrogenase was increased, whereas the cellular chaperones protein disulfide isomerase and glucose-regulated protein 78 were unaltered in glomeruli of diabetic mice. In addition to aldehyde reductase, expression of six proteins involved in maintaining cellular redox balance was increased by diabetes. Furthermore, expression of glyoxalase I was increased in glomeruli of diabetic mice. Similar to a previous report of increased gene expression in younger db/db mice (23), protein expression of carbonic anhydrase 2 was increased with diabetes.
The proteomic data were analyzed to determine how interrelated groups of proteins would be affected by diabetesinduced changes in protein expression. A prominent finding from the proteomic analysis was increased expression of glyoxalase I, inasmuch as this enzyme is critical to the metabolism of the AGE precursor MG. Glyoxalase I activity is significantly compromised during oxidative stress, which is known to occur in the diabetic kidney (30) . Additionally, our proteomic analysis showed upregulation of five antioxidative enzymes with diabetes, suggesting an adaptive response to oxidative stress. Since diabetes is associated with increased oxidative stress and formation of AGEs, identification of altered expression of key enzymes involved in these pathways suggests an adaptive response to altered cellular function associated with diabetes.
Validation of increased expression of antioxidative enzymes in glomeruli of db/db mice. Expression analysis of glomerular proteins from db/db and db/m mice defined upregulation of antioxidative enzymes in diabetic mice. This group of proteins includes peroxiredoxin (PRX)-1, PRX-3, PRX-5, GPX-1, and SOD-1. Figure 2 demonstrates increased expression of SOD-1, TCA, tricarboxylic acid cycle. Normalized spot pixel intensity of each protein was averaged for the db/m and db/db groups and compared using 2-tailed, unpaired t-test (n ϭ 5 in each group). P Ͻ 0.05 indicated significant regulation of protein expression with diabetes. PRX-3, and GPX-1 by 80, 28, and 90%, respectively, in glomeruli of diabetic mice. To validate results obtained by proteomic analysis, we analyzed expression of these three proteins by immunohistochemistry of kidney sections and Western blotting. Glomerular lysate from db/m and db/db mice was subjected to immunoblot analysis for PRX-3 and glyoxalase I. Figure 3 demonstrates increased expression of PRX-3 and glyoxalase I, respectively, in glomeruli of diabetic mice. Immunohistochemistry of kidney sections from 160-day-old mice from both groups revealed increased expression of SOD-1 in glomeruli of diabetic mice, especially in the peripheral region of the glomerular tuft, indicative of increased expression in the podocyte (Fig. 4A) . The immunohistochemistry data also revealed decreased proximal tubular expression of SOD-1 in kidneys of db/db mice. This finding was further validated by an overall decreased expression of SOD-1 in renal cortex of db/db mice as determined by immunoblotting (Fig.  4B) . Expression of GPX-1 was analyzed by immunohistochemistry as well. Figure 5 shows a global increase in glomerular GPX-1 expression in kidneys of db/db mice. Thus, findings from the proteomic analysis were confirmed for these antioxidative enzymes. The findings suggest an adaptive glomerular response to diabetes-induced oxidative stress that is absent in the renal tubule.
SOD and GPX activity in renal glomeruli and cortex of db/db and db/m mice. Previous studies reported alteration in activities of antioxidative enzymes in whole kidney and cortex during diabetes (13, 21) . Inasmuch as activity of GPX and SOD is altered by nitration and MG (12, 17, 25, 32) and kidneys of db/db mice exhibit increased nitrotyrosine levels and AGEs, activity of these enzymes was analyzed in cytosolic fractions of glomeruli and cortex from both mouse groups. Renal cortical GPX-1 protein expression was analyzed by immunoblotting and found to be increased by 89% (Fig. 6A) , as in the glomeruli. Activity of GPX was found to be unaltered by diabetes in glomeruli (Fig. 6B) and cortex (Fig. 6C) . Glomerular SOD activity was unaltered (Fig. 7A) , whereas cortical activity was increased (Fig. 7B) , in db/db mice.
Decreased glyoxalase I activity in renal cortex of diabetic mice. Oxidative stress decreases reduced glutathione levels in the kidney during diabetes mellitus (30, 36) . Because the activity of glyoxalase I is highly dependent on the availability of reduced glutathione, these findings suggested that glyoxalase I activity would be decreased in glomeruli of diabetic mice, despite an increase in expression of the enzyme. Renal cortex from db/db and db/m mice was used to analyze glyoxalase I activity. We first analyzed protein expression of glyoxalase I in renal cortex of mice in the two groups. As indicated in Fig. 8A , expression of glyoxalase I was 50% higher in renal cortex of db/db mice. Proteomic analysis of glomeruli determined that glyoxalase I protein expression was increased by 50% in db/db mice (Fig. 8B) . Therefore, renal cortical glyoxalase I expression is increased to the same extent as in glomeruli. Glyoxalase I activity in cytosolic fractions of renal cortex from 160-day-old db/db and db/m mice was determined in an in vitro activity assay in which MG was used as substrate and reduced glutathione as cofactor. Activity of glyoxalase I was significantly decreased in the cortex of diabetic mice (Fig. 8C) .
DISCUSSION
The renal glomerulus is a major target of injury in DN. The goal of the present study was to analyze global protein expression in the renal glomerulus during the overt stage of DN. The novel finding of the present study was upregulation in glomeruli from db/db mice of components within two divergent, yet interrelated, cellular pathways, the antioxidative system and the glyoxalase system. The lack of concurrent increase in GPX and SOD activity with increased protein expression in glomeruli of db/db mice suggests inactivation of these enzymes during diabetes. Furthermore, glyoxalase I activity was decreased in renal tissue from diabetic mice. Inasmuch as glyoxalase I activity is compromised during oxidative stress, the results suggest an inadequate adaptive mechanism by glomeruli, resulting in impaired MG metabolism during diabetes.
We used proteomic analysis to attain a profile of protein expression in glomeruli of the db/db mouse model of type 2 diabetes mellitus. The db/db mouse is a well-characterized model of diabetic kidney disease exhibiting such features as renal and glomerular hypertrophy, albuminuria, and expansion of the mesangium. This model has limitations, in that it does not exhibit the characteristic tubulointerstitial lesions and arteriolar hyalinosis observed in human DN (38) . The mechanisms underlying glomerular pathologies in the db/db mouse are not completely defined. The proteomic analysis used in this study served two purposes. 1) By separating glomerular proteins by 2-DE, we were able to construct a proteome map and database of mouse glomerular proteins. 2) 2-D separation and staining of proteins allowed quantitation of individual protein spot pixel intensity, which was used as a measure of expression level for each protein. Of the ϳ600 visible protein spots, 190 proteins, comprising multiple cellular functional categories, were identified. These data represent an initial effort to construct a murine glomerular protein database, which can be used for subsequent studies. The data presented here support and extend a human glomerular proteomic map recently reported by Yoshida et al. (53) in which 347 proteins from human glomeruli were identified by MALDI-MS and peptide mass fingerprinting and liquid chromatography-tandem MS. However, in this report, we have concentrated our efforts on identifying proteins that were differentially expressed between db/db and db/m mice.
To identify proteins regulated in diabetes, we compared expression of glomerular proteins from db/db and db/m mice separated by 2-DE. Of the 105 protein spots analyzed for expression, 40 were found to be upregulated in glomeruli of diabetic mice. The present study is the first to analyze global protein expression changes in glomeruli with diabetes. Genomic expression profiling of glomeruli from 5-to 7-wk-old (23) and 13-wk-old (27) db/db mice has identified 116 and 779 differentially regulated genes, and 343 genes of kidneys from 150-day-old db/db mice were regulated (40) . In addition, renal cortex from db/db mice demonstrates differential expression of genes during initial and overt phases of DN (24) . The increased number of regulated gene products in these studies may reflect the generally acknowledged superior sensitivity of mRNA assays to protein methods. This is demonstrated by the presence of ϳ15% of proteins expected to be expressed in cells visualized on 2-D gels in the present study. The low representation of the tissue's proteome on 2-D gels is a result of omission of proteins, such as membrane proteins, with the extraction procedures utilized, as well as masking of low abundant proteins due to poor resolution of proteins separated with pI in the range of 3-10, for densitometric/expression analysis. Additionally, a number of spots from the 2-D gel were analyzed by MALDI-MS without adequate spectra for identification. This may be due to incomplete trypsin digestion of excised gel pieces or incomplete extraction of trypsindigested peptides from Bis-Tris gels. Inasmuch as ϳ5,000 -22,000 probes are used on gene array chips employed in genomic profiling studies of glomeruli and kidneys, the probability for identification of regulated products significantly increases. Genes for six of the proteins identified from the glomerular proteome map in the present study have been shown to be upregulated in 7-wk-old db/db mice (23), and a separate study found upregulation of genes for an additional six identified in the proteome in 13-wk-old db/db mice (27) . Although concurrent reports for gene expressions of these 12 proteins in this age group are not known, protein expression of 3 of the proteins is upregulated in db/db mice used in the present study. Considered together, these studies clearly indicate the significance of understanding the temporal regulation of genes, their protein products, and the resulting interrelation of the protein products in regulating cellular signaling pathways responsible for the pathogenesis of DN.
One advantage of proteomic analysis of glomeruli obtained from animal models of diabetes is that cellular activities may be predicted from expression profiles of groups of proteins. Two prominent findings from our proteomic analysis were diabetes-induced upregulation of antioxidative enzymes and an enzyme of the glyoxalase system. The proteomic findings were validated for three of the upregulated antioxidative enzymes by immunoblotting of glomerular proteins for PRX-3 and immunohistochemistry of mouse kidney sections for GPX-1 and SOD-1. Peroxiredoxins reduce hydrogen peroxide and are distributed in the cytosol, mitochondria, peroxisomes, and plasma (15) . GPX-1 is widely expressed throughout different tissues and reduces hydrogen peroxide by use of reduced glutathione, as well as lipid peroxides, in membranes (25).
Immunohistochemistry of kidney sections for SOD-1 revealed increased expression in glomerular podocytes during diabetes. Additionally, SOD-1 expression was found to decrease in proximal tubule cells of db/db mice. Thus different adaptive responses may occur in the two different renal compartments. Nonetheless, these data indicate the importance of independent proteomic analysis of different renal compartments to define their contribution to the pathologies of DN. Previous studies on 150-day-old db/db mice report that renal cortical GPX activity increases while activity of SOD-1, SOD-2, and catalase remains unaltered (13) . Glomerular gene expression of PRX-1, GPX-3, SOD-1, and catalase is increased in 7-wk-old db/db mice (23) . In the KKAy mouse model of insulin-resistant diabetes, kidney GPX-1 and SOD-1 mRNA expression increases (16) . Increased mRNA and activity of SOD-1 and GPX have also been reported in kidneys of streptozotocin (STZ)-induced diabetic rats after 6 wk (21), whereas glomerular transcript levels of these enzymes are unaltered (20) or increased (26) after 2 and 1 wk, respectively, in the same diabetic model. Glomerular protein expression of GPX has been shown to gradually decrease with duration of diabetes in STZ-induced diabetic rats (8) . This is the first report of increased glomerular protein expression of several of these enzymes, including PRX-1 and PRX-5, in the db/db mouse model. The lack of parallel increase in GPX activity with increased GPX-1 protein expression in glomeruli and cortex and glomerular SOD activity in the present study may be due to inactivation of the enzymes by nitration (12, 25) , as well as direct binding and inactivation by MG (32, 17) , factors known to be increased in the kidney during diabetes. Additionally, alternative isozymes, such as extracellular GPX and SOD, may be differentially expressed and regulated by diabetes and present in the tissue homogenates used for the assays. The increase in cortical SOD Fig. 6 . GPX activity is unaltered in renal glomeruli and cortex of diabetic mice. A: renal cortex of db/db and db/m mice was analyzed for GPX-1 expression by immunoblotting. GPX-1 expression was increased by 89% in renal cortex of db/db mice (n ϭ 2 in each group). Blot was reprobed for ␤-actin to demonstrate relative loading of protein between lanes. B and C: tissue GPX-1 activity was determined from the slope of the decrease in absorbance at 340 nm resulting from oxidation of NADPH to NADP ϩ in a glutathione reductase-coupled reaction and the extinction coefficient for NADPH. Activity units (nmol ⅐ min Ϫ1 ⅐ ml
Ϫ1
) were normalized to the amount of protein in the reaction and tissue expression ratio of the enzyme in db/db mice to that in db/m mice. GPX activity was unaltered in glomeruli and cortex of db/db mice. Values are means Ϯ SE (n ϭ 4 in each group for each tissue). Fig. 7 . SOD activity is unaltered in glomeruli and increased in renal cortex of diabetic mice. One unit of activity is equal to the amount of enzyme required to exhibit 50% dismutation of superoxide radical. Activity (units/ml) was normalized to the amount of protein in the reaction and tissue expression ratio of the enzyme in db/db mice to that in db/m mice. SOD activity was unaltered in glomeruli and increased in cortex of db/db mice. Values are means Ϯ SE (n ϭ 4 in each group for each tissue). *P Ͻ 0.05 vs. db/m. activity with concurrent decrease in SOD-1 protein expression may again reflect upregulated activity in alternate tissue types in cortex, such as vascular cells, and suggests that different renal cells may be differentially predisposed to hyperglycemiainduced perturbations. Evidence of renal oxidative stress in db/db mice has been shown previously in reports of increased kidney lipid peroxidation (22) , nitrotyrosine expression (13) , and decreased glutathione levels in renal cortex (13) . In addition, treatment of db/db mice with astaxanthine, which exhibits antioxidant activity, significantly reduced the diabetes-induced increase in mesangial area and urinary albumin (27) . Considered together, these reports and our data indicate an adaptive renal response to increased oxidative stress occurs in diabetes.
The glyoxalase system includes glyoxalase I and II and is critical in detoxification of cellular ␣-ketoaldehydes, such as MG (44, 35) . MG is a highly reactive ␣-dicarbonyl produced as a metabolic product of glycolysis (31) , as well as lipolysis (7), and is a precursor of AGEs. Type 1 and 2 diabetes is associated with increased MG levels, and subjects with more rapid progression of DN exhibit even higher MG production (4, 5) . Therefore, the finding by the proteomic analysis of increased glyoxalase I expression seemed paradoxical, inasmuch as diabetes is known to be associated with increased formation of AGEs. However, other cellular mechanisms in addition to the glyoxalase system metabolize MG, including aldose reductase, aldehyde dehydrogenase 9, and 2-oxoaldehyde dehydrogenase (47, 52) . Of these enzymes, glyoxalase I activity is ϳ10 -40 times higher in most tissues of the body and is heavily compromised during oxidative stress, because it requires reduced glutathione as a cofactor (45) . Glutathione is the most abundant intracellular thiol-based antioxidant; it functions as a sulfhydryl buffer and in detoxification of compounds by direct binding or conjugation via glutathione S-transferase (GST) (34) . However, MG reacts with and inactivates glutathione reductase (48) , leading to decreased availability of reduced glutathione and, hence, increased oxidative stress. Availability of reduced glutathione is further compromised by cellular enzymes, such as aldose and aldehyde reductases, competing with glutathione reductase for the cofactor NADPH. In the present study, proteomic analysis revealed increased expression of aldehyde reductase and one isoform of GST (GST-) in glomeruli of diabetic mice. Therefore, db/db mice exhibit upregulation of systems requiring the reduced form of glutathione (glyoxalase I and glutathione peroxidase) and NADPH (aldehyde reductase) and mechanisms to decrease total glutathione levels (GST-).
These results suggest that in situ glyoxalase I activity would be decreased in glomeruli of db/db mice, despite an increase in glyoxalase I protein expression due to decreased glutathione levels. Previous studies have found glyoxalase I activity to be unaltered in renal cortex, decreased in liver, and increased in muscle of STZ-induced diabetic rats (33) . Additionally, erythrocytes of STZ-induced and ob/ob diabetic mice exhibit decreased glyoxalase activity (2). We measured in vitro glyoxalase I activity in cytosolic fractions of renal cortex from the two mouse groups and found it to be lower in db/db mice. Since the in vitro activity assays were performed in the presence of an equal catalytic amount of reduced glutathione, the results indicate that the diabetes-induced decrease in activity is likely to be glutathione dependent and independent. The glutathione-independent mechanisms may result from posttranslational modification of glyoxalase I in diabetes. In fact, PKAmediated phosphorylation of glyoxalase I results in decreased enzymatic activity (49) . Inasmuch as activity of several kinases, such as the mitogen-activated protein kinases (1), PKC (19) , and Akt (14) , is known to be increased in kidneys of db/db mice and PKA activity is increased in kidneys of STZ-induced diabetic rats (51) , phosphorylation by any of these pathways may be responsible for decreased glyoxalase I activity in renal cortex of db/db mice. Decreased glyoxalase I activity in the kidney during diabetes may contribute significantly to cellular levels of MG and, ultimately, production of AGEs. A: renal cortex of db/db and db/m mice was analyzed for glyoxalase I expression by immunoblotting. Glyoxalase I expression was increased by 60% in renal cortex of db/db mice (n ϭ 3 in each group). Blot was reprobed for ␤-actin to demonstrate equal loading of protein between lanes. B: analysis of protein spot pixel intensity of glomerular 2-D gels from db/db and db/m mice indicates a 50% increase in glyoxalase I expression with diabetes (n ϭ 5 in each group). C: db/db and db/m mouse renal cortical glyoxalase I activity was determined in an in vitro assay of cytosolic fractions with reaction buffer containing methylglyoxal and glutathione as substrate and cofactor, respectively. Production of the resultant product, S-D-lactoylglutathione, was recorded by increased absorbance at 240 nm for 2 min. Glyoxalase I activity was determined from the linear portion of the reaction curve and normalized to total cytosolic fraction protein and then to cortical expression ratio of glyoxalase I in db/db mice to that in db/m mice. Glyoxalase I activity was decreased in renal cortex of db/db mice. Values are means Ϯ SE [n ϭ 5 (B) and 4 (C) in each group]. *P Ͻ 0.05 vs. db/m.
In summary, we report the construction of a 2-D proteome map of renal glomeruli of db/db mice that can be utilized as a comprehensive database for analysis of protein expression during experimental conditions. Proteomic analysis of glomerular proteins separated by 2-DE revealed upregulation of enzymes involved in cellular redox regulation and the glyoxalase system. These two divergent cellular pathways are interrelated by their effect on and need for reduced glutathione. Increased expression of enzymes in these two pathways may represent an insufficient adaptive response to the metabolic disturbances in diabetes.
GRANTS

